ABSTRACT
INTRODUCTION
Vesicles exhibit an interesting morphology which is formed by self-aggregating amphiphilic molecules such as surfactant [1] . Vesicles are composed of closed bilayer shells and they may exist in the form of unilamellar or multilamellar vesicles with the radii ranging from 10 nm to 10 µm [1] . The formation of the vesicles is influenced by some factors such as packing parameter of the surfactants [2] , the entropy of the dispersion [3] and the bending constants of the bilayer [4] .
Vesicles are widely used in the biomedical, cosmetics and drug delivery field [5] [6] [7] . In these applications, the viscosity of the systems is important to stabilize the emulsion in a cosmetic formulation, to prolong drug contact with the targeted organ, and to control stability of the vesicle in biomedical application [8] [9] [10] . Nevertheless, control of viscosity is still a challenge in the development of vesicles system. By encapsulating a significant amount of water, the viscosity of the vesicle dispersion is generally higher than that of corresponding micellar solutions with the same surfactant concentration [11] . In the case of the spherical shape of the vesicles, the viscosity remains very low until they reach a packing fraction of around 40-50% [8] . Therefore, the vesicle formation itself is a very limited means of enhancing the viscosity.
One conceivable way to control the viscosity of the vesicle dispersion is the addition of a polymer that enhances the viscosity in aqueous phase without interacting with the vesicles [11] . However, the disruption of the structural integrity of the vesicles occurs commonly due to the unavoidable interference between the polymeric networks and vesicles. Another option is the addition of hydrophobically modified polymers that leads to the bridging of vesicles, the same way that they form networks by bridging micelles of microemulsions [12] [13] . In the case of vesicles, its size and structure may change upon the polymer addition. In some cases, the addition of amphiphilic polymers leads to the stabilization of the dispersions due to the incorporation of anchoring hydrophobic domains into the vesicle bilayers [14] [15] [16] [17] .
This approach requires suitable amphiphilic polymers that are able to bridge the vesicles without disturbing their structure, which for instance can be polymers with the ethylene oxide (EO) groups. In order to interconnect the vesicles in solution by a bridging polymer, the number of the water-soluble EO groups of the polymer has to be of adequate chain length, as illustrated in Fig. 1 . The relevant parameters for such mixed systems of vesicles and amphiphilic copolymers are the end-to-end distance (L ee ) of the bridging copolymers and the mean distance (d) between the vesicles with a membrane radii (R).
The aim of the current study was to investigate the effect of adding hydrophobically end-capped polymers (HM-polymers) on the physicochemical properties of an aqueous dispersion containing unilamellar vesicles of sodium oleate and octanol. The mixture of sodium oleate and 1-octanol was chosen as the vesicle model since previous studies have shown that this mixture spontaneously formed a small unilamellar vesicle with mean radii 20-25 nm and rather low polydispersity. However, the viscosity obtained was slightly higher than the water [18] , unless the vesicles become sufficiently concentrated and then may form a vesicle gel, where this transition typically occurs over a rather narrow concentration range [19] [20] .
The HM-polymers were added into the dispersion contain hydrophobic oleic group at both ends and was based on the highly water soluble polyethylene oxide (PEO) group in the middle of the polymer molecule. The amount of added polymer is given by wt% of the dispersion and also by ratio xp = polymer/vesicle, i.e. the number of polymer molecules per vesicle, assuming that the spherical vesicles and the polymer are monodisperse. In addition, the kinetic stability of the dispersion and the effect of the presence of the PEO and polypropylene oxide (PPO) group on the permeability of vesicle membrane were also studied.
EXPERIMENTAL SECTION

Materials
Oleic acid (Riedel De Haen, Germany), 1-octanol (Merck KGaA, Germany) and sodium hydroxide (Fluka, Germany) were used without further purification. Antil 141 and Rewopal 6000 DS (Evonik, Germany) were used as the hydrophobically modified (HM) water soluble polymers. Pluronic 10R5 and Pluronic L35 were supplied from BASF (Germany). The chemical structures are given in Fig. 2 . 
Instrumentation
The instrument used for viscosity measurement was a micro-Ostwald viscometer (Lauda Dr.R.Wobser GmBH & Co.KG, Germany). Dynamic light scattering (DLS) measurements were carried out with an ALV-5000 (ALV-GmbH, Germany). The small-angle neutron scattering (SANS) experiments were performed by using SANS Instrument V4. Conductivity of each vesicle system was measured using conductivity meter (Mettler Toledo, Int. Inc., Switzerland)
Procedure
Preparation of anionic vesicles and addition of the polymers
A stock solution of sodium oleate was prepared by equimolar addition of sodium hydroxide to oleic acid in Milli-Q-Water (R =18 MΩ·cm at 25 °C). After one day of stirring, the vesicle dispersion of sodium oleate/octanol was made by addition of octanol to the sodium oleate solution. The compositions of the vesicles used in this study were 50 mM sodium oleate/150 mM 1-octanol (50/150) and 60 mM sodium oleate/180 mM 1-octanol (60/180). The vesicle dispersions with various concentrations of the polymers were then properly homogenized. The concentrations of polymers applied were ranging from 0.0 to 0.5 wt%.
With regard to the polymer structure in an aqueous system, there are two important parameters of the polymers that need to be considered. Those parameters are the contour length (L c ) and especially for the endcapped ones, the end-to-end distance (L ee ) by which statistically their hydrophobic ends are separated. L ee can be calculated according to the Equation 1 [21] .
where N is the number of monomer units, L m is the length of one monomer unit, and C ∞ is a factor specific to the coiling properties of the polymer. The C ∞ value for the polymers used in this study is 4.2. Table 1 details the length parameters of Antil 141 and Rewopal 6000 DS.
Viscosity measurement
Measurements of the viscosity were done by using a micro-Ostwald viscometer at 25.0 ± 0.1°C. Measurements were done in triplicate and reported as an average.
DLS measurement
For the purpose of DLS measurement, the samples were stored in a quartz cell tempered in a toluene bath. Autocorrelation functions obtained were analyzed by applying the CONTIN procedure [22] . The analysis yielded relaxation time distribution or the equivalent distribution of effective hydrodynamic radii.
SANS experiment
A wavelength of 6.1 Å was chosen and the data were recorded on a 64 x 64 two-dimensional detector. Following this, the data obtained was then radially averaged and converted into absolute units, or the differential cross-sections. This was done by comparison with the scattering of a 1 ml H 2 O standard and proper correction for the detector background, the scattering of the empty cell, and the transmission of sample and cell. The constant incoherent background scattering was not subtracted from the intensity curves.
A model of homogeneous shells was employed to describe the scattering of the vesicle systems. For the limiting case of monodisperse systems, the experimental scattering intensity as a function of the magnitude q (in which, q = 4π·sin(θ/2)/λ; with θ and λ being the scattering angle and the wavelength, respectively) of the scattering vector is given as follows [23] :
where 1 N is the number density of the particles, P(q) the particle form factor, and S(q) is the structure factor that accounts for interparticle interferences and in this matter was taken as that of a hard sphere in the Percus-Yevick approximation [24] . The structure of the vesicles was then obtained from the SANS measurements as a function of the amount of polymer added. The particle form factor for a homogeneous spherical shell model is given as follows:
where Δρ is the difference of the scattering length densities of vesicle and solvent, R is the mean vesicle radius at the center of the vesicle shell, and D is the thickness of the shell. In this study, for a 3:1 molar ratio of 1-octanol to sodium oleate and assuming both amphiphiles only present in the vesicle bilayer, the Δρ is 65.6·10 
Stability study of the vesicles
The vesicles, which already added with either Rewopal 6000 DS or Antil 141, were heated at an elevated temperature up to 60°C and stored up to 24 days. Following this treatment, viscosities of the vesicles were measured and the changes of activation energy (Ea) in respect of the freshly prepared vesicle dispersion for a storage period of 15 and 24 days were calculated.
Permeability study of the vesicles
Six various concentrations of either Pluronic 10R5 or Pluronic L35 were subsequently added into the 50/150 and 60/180 vesicle dispersion. The concentrations added were ranged from 0.0 to 0.6 wt%. The conductivity of the vesicles after the addition of each polymer was then measured. Measurement of the radii of the vesicles was conducted using SANS.
RESULT AND DISCUSSION
Correlation between the Vesicle Size and Viscosity Fig. 3 describes the profile of the dynamic viscosity in correlation with the polymer concentration. Having higher concentration of polymers, which means more presence of the bridging polymer, apparently, does not lead to a further viscosity enhancement. Based on the viscosity profile, the binding of charged vesicles to flexible polymers has been demonstrated to cause a characteristic change in the hydrodynamic properties of the solution. Particularly, upon adequate addition of the HM polymer to the vesicle dispersions, the viscosity increases to a maximum value, which is approximately a factor 2 higher than the one of the pure vesicle dispersion.
In the case of Rewopal 6000 DS addition, the magnitude of the increase in viscosity is more pronounced. An increase of vesicles concentration from 50/150 mM to 60/180 mM did not lead to further (τ) as a function of time for a sample of 50/150 with various amounts of added Rewopal 6000 DS increase in the viscosity. The decrease in viscosity is observed at higher polymer concentration. An interesting feature of Fig. 3 is that the maximum point is almost the same.
It is interesting to ascertain whether they arise from bridging of vesicles or modifications of their structure, e.g. whether they might change in size or remain structurally unchanged. Accordingly, we investigated the structure of the vesicles by means of SANS measurements as a function of the amount of polymer added.
Based on the plot of SANS curves for vesicles of 50/150 mM and varying amounts of added Rewopal 6000 DS and Antil 141, a typical scattering pattern of rather monodisperse shell structures with a minimum 0.15 nm -1 was observed which indicates a vesicle radius of~23 nm. One observes almost no change of the scattering curves (figure not shown), which demonstrates that the structure of the vesicles remains basically unchanged upon addition of these polymers. The thickness of the bilayer is comparable to the chain length of homologous series of alkyl rest (C18). This result confirms that the vesicles remain unilamellar at the concentration range up to 0.50 wt%.
In order to obtain further structural information about the Rewopal-vesicles systems studied, DLS experiments were performed. The intensity autocorrelation functions for the case of adding Rewopal 6000 DS is shown in Fig. 4 . One can observe that increasing content of the added polymer results in no change at shorter times but at higher times, a slower relaxation mechanism becomes increasingly prominent. This would arise from a slower relaxation mechanism or the presence of larger aggregates or the formation of interconnected clusters.
This result becomes more evident in the Laplace transform of the autocorrelation functions that displays the relaxation spectrum given in terms of the hydrodynamic radius in τ > 1 ms region. However, the SANS experiments indicate the absence of larger particles, whereas the vesicle radii with varying amount of added Antil and Rewopal remains approximately unchanged. This larger hydrodynamic radius does not correspond to larger particles or vesicles but can be due to a slower relaxation mechanism. Such slower relaxation modes are frequently observed for colloidal systems with aggregates interconnected by polymer chains and then correspond to a relaxation of the whole network.
It is concluded that the hydrophobic chains of HMpolymers incorporate within the vesicle bilayer without disrupting the membrane and vesicle structure. At higher polymer concentration, the effective repulsion between the vesicles becomes more pronounced due to its interaction with the EO groups, which leads to an increase in the number of the decorated vesicles and simultaneously to a decrease in viscosity.
One can hypothesize the general process of viscosity enhancement: Initially, the vesicles interact with the hydrophobic groups of the HM-polymer and at a certain HM-polymer concentration. Assuming that the spherical vesicles are monodisperse, the number of polymer molecules is sufficient so that the hydrophobic chain of polymer molecules can cross-link the vesicles. Furthermore, the number of polymer molecules per vesicle x Pol/Ves can be calculated using equation 7:
N A is the Avogadro's number, C pol is the polymer concentration, whilst M Pol is the molecular weight of the polymer. Table 2 .
As shown in Table 2 , fewer Rewopal molecules are needed to obtain the maximum viscosity compared to Antil. This effect is stronger in the case of 50/150. The increased length of the hydrophilic group of the polymer enhances the binding interaction with the vesicles. Therefore, using longer PEO groups is particularly advantageous. The information in Table 3 exhibits that about 10-30 molecules of bridging polymer are required to obtain a maximum of viscosity enhancement.
The average spacing between the vesicles has to be in the range of end-to-end distance of the bridging polymer (d) in order to get an effective bridging, as depicted in Fig. 1 . The d value is equal to 2R+L ee , where R is the radius and L ee are the ends to end distance. The d value can be estimated from the equation:
where D is the bilayer thickness of the vesicles and ϕ the volume fraction of the vesicles. The volume fraction depends on the molar concentration of the vesicle dispersions. This has been similarly observed in the case of enhancing the viscosity of microemulsions by the addition of hydrophobically end-capped polymers [25] . The mean spacing between the bilayers of the vesicles db is equal to d-2R. The db values for 50 mM sodium oleate/150 mM 1-octanol and 60 mM sodium oleate/180 mM 1-octanol were 22.8 nm and 21.1 nm, respectively [18] . As shown in Table 1 , by comparing these calculated values with the length of the hydrophilic chain of the polymer, it can be suggested that a better crosslinking of the vesicles is achieved by using Rewopal rather than Antil 141 because Rewopal 6000 DS consists of a greater L ee (PEO) value with 9.5 nm compared to Antil 141 with 5.8 nm.
The comparison between Lee and db values has shown that none of the polymers are able to bridge the vesicles because of their length. In addition, the viscosity maximum occurs at the same polymer mass concentration for all polymers and not at the same number of polymers/vesicle. In any case, it seems that all polymers can interact with the vesicles by decorating them.
Enhancement of Stability Due to Polymer Addition
Fig . 5 shows the variation of the viscosity with and without fixed polymer concentration at temperature until 60°C. It should be noted that PEO chain becomes less polar with increasing temperature and hence the chain contracts resulting in a decrease in viscosity [26] . As shown in this figure, the viscosity decreases with increasing temperature. This result seems consistent with previous studies [27] [28] .
Due to the Rewopal 6000 DS addition, an increase in viscosity of the dispersion is also observed with increasing temperature. This indicates the existence of the physical cross-link between the vesicles and the polymer. This physical cross-link is temporary and can be broken and re-established again. The PEO chains assume a more compact conformation at elevated temperatures [26] , presumably because the poorer solvation of the PEO outweighs any weak electrostatic repulsion between the vesicles at a higher temperature.
As shown in Table 3 , the viscosity increases over time while the activation energy decreases. The activation energy of the viscosity is comparable to the mean potential energy of intermolecular interactions. The activation energy is higher with Rewopal 6000 DS due to an enhancement of the intermolecular interactions between vesicles-vesicles, vesicles-polymer, and polymer-polymer molecules. The change in activation energy with longer sample age of Rewopal 6000 DS is lower due to the enhancement of the stability of the system. The system is thermodynamically stable at least after 24 days and the appearance of the vesicle dispersions remains monophasic.
Enhanced Permeability of Vesicle
Further insight into the physical properties of the vesicles is the ion permeability of its membrane. The underlying idea is the interaction between ethylene oxide and the vesicles as well as propylene oxide and the vesicles unit can induce the membrane permeability. Based on their molecular structure, the PPO contains a methylene group additionally to EO groups, which enhances the hydrophobicity of the polymer molecules. In this work, the electrical conductivity of the vesicle system containing the polymer with ethylene oxide and propylene oxide unit is measured
In Fig. 6 , the specific conductivity for the vesiclespolymer system is shown as a function of the amount of added polymer. Without polymer, the conductivity values of the vesicles at higher concentration regions are higher due to the degree of counterion binding [29] . In the case of higher vesicle concentration, the conductivity increase upon addition of Pluronic L35 is comparable to Pluronic 10R5. This increase is more pronounced at lower vesicle concentration whereas the Pluronic L35 with its PPO groups enhances this effect. Perhaps the PPO groups can be stronger adsorbed due to the hydrophobic interaction between them and the vesicles.
As shown in Fig. 6 , we observed that a pronounced increase occurs in the case of adding Pluronic polymers. The electric conductivity of inorganic salt in neutral polymer solution provides the information of fluid dynamic resistance to the ion motion [30] . This means that the change of microstructure of vesicles associated with a polymer solution can be revealed by the change of the ion mobility. According to Kohlrausch equation, the conductivity is simply the sum of the current carried by individual ions which are also proportional to the concentration of ions and the ion mobility. Note that the used polymers are non-ionic species and do not give any direct contribution to conductivity. A decrease of conductivity may result accordingly in an increase in the radii of vesicle or alternatively, it may result in the cross-linking of vesicles. In order to obtain such information, the SANS measurement as a function of added polymer concentration is performed.
As shown in Table 4 , in the case of Pluronic 10R5, a certain part of the conductivity increase is associated with the decrease in vesicle size due to high enclosed ions in the vesicle. The thickness of the bilayer remains constant and therefore the vesicles are still unilamellar upon the addition of the polymer. The reasonable interpretation for the increasing conductivity is an enhanced permeability for ion transport due to the interaction of the EO and PO groups with the vesicle bilayers. This might be due to the fact that for the Pluronic 10R5 one has a rather short PO unit incorporated into the vesicle bilayer and this could be a structural unit that facilitates the transport of ions across the bilayers. This result is consistent with previous work that the adsorption of Pluronics on bilayer induced considerable disturbance of the surfactant packaging [31] .
It was observed that the interaction with such units caused an increment in the average vesicle radii. In the case of the addition of HM-polymers, the hydrophilic units (of Rewopal 6000 DS and Antil 141) have no effect on the vesicle size. Comparing this result with the Table  2 , it can be expected that the hydrophobic interaction between the polymer and the vesicles stabilizes the curvature of the vesicles.
CONCLUSION
The effect of mixing commercially available hydrophobically modified (HM) polymers on the structure and viscosity of small unilamellar vesicles composed of sodium oleate (as a surfactant) and 1-octanol (as cosurfactant) was investigated in this study. The viscosity maximum of a dispersion containing 50 mM sodium oleate and 150 mM octanol was reached at a polymer concentration of 0.05 wt% for Antil 141 and Rewopal 6000 DS. The dynamic light scattering (DLS) and small angle neutron scattering (SANS) analysis showed that addition of the HM-polymers did not affect the vesicle structure since vesicles remained unilamellar and equal in radii (radii~24.0 ± 2.0 nm, thickness~2.2 nm). The addition of Pluronic polymers increased the vesicle radii without changing the membrane thickness. The Pluronic polymers above their critical concentration (~0.05 wt%) enhanced the permeability of the vesicles bilayer for ion transport, whereas the mean vesicle radii increased with the Pluronic concentration. In contrast, the PEO group of the HM-polymers did not affect the vesicle structure.
